Context. Since April 5, 2008 and up to February 15, 2017, the SOLar SPECtrometer (SOLSPEC) instrument of the SOLAR payload on board the International Space Station (ISS) has performed accurate measurements of solar spectral irradiance (SSI) from the middle ultraviolet to the infrared (165 to 3088 nm). These measurements are of primary importance for a better understanding of solar physics and the impact of solar variability on climate. In particular, a new reference solar spectrum (SOLAR-ISS) is established in April 2008 during the solar minima of cycles 23-24 thanks to revised engineering corrections, improved calibrations, and advanced procedures to account for thermal and aging corrections of the SOLAR/SOLSPEC instrument. Aims. The main objective of this article is to present a new high-resolution solar spectrum with a mean absolute uncertainty of 1.26% at 1σ from 165 to 3000 nm. This solar spectrum is based on solar observations of the SOLAR/SOLSPEC space-based instrument. Methods. The SOLAR/SOLSPEC instrument consists of three separate double monochromators that use concave holographic gratings to cover the middle ultraviolet (UV), visible (VIS), and infrared (IR) domains. Our best ultraviolet, visible, and infrared spectra are merged into a single absolute solar spectrum covering the 165-3000 nm domain. The resulting solar spectrum has a spectral resolution varying between 0.6 and 9.5 nm in the 165-3000 nm wavelength range. We build a new solar reference spectrum (SOLAR-ISS) by constraining existing high-resolution spectra to SOLAR/SOLSPEC observed spectrum. For that purpose, we account for the difference of resolution between the two spectra using the SOLAR/SOLSPEC instrumental slit functions. Results. Using SOLAR/SOLSPEC data, a new solar spectrum covering the 165-3000 nm wavelength range is built and is representative of the 2008 solar minimum. It has a resolution better than 0.1 nm below 1000 nm and 1 nm in the 1000-3000 nm wavelength range. The new solar spectrum (SOLAR-ISS) highlights significant differences with previous solar reference spectra and with solar spectra based on models. The integral of the SOLAR-ISS solar spectrum yields a total solar irradiance of 1372.3 ± 16.9 Wm −2 at 1σ, that is yet 11 Wm −2 over the value recommended by the International Astronomical Union in 2015.
Introduction
The Sun is a fundamental source of energy for the climate system of the Earth and represents the major natural forcing of the climate on Earth. Total and solar spectral irradiance compose some of the Global Climate Observing System (GCOS) Essential Climate Variables (ECVs) datasets, which provide the empirical evidence needed to understand and predict the evolution of climate 1 . Indeed, total solar irradiance (TSI) and solar spectral irradiance (SSI) measurements and their time series are required to support the work of the United Nations Framework Convention on Climate Change (UNFCCC) and the Intergovernmental Panel on Climate Change (IPCC). Consequently, the absolute determination of the solar spectrum at high resolution is of primary importance. The absolute solar spectrum between 165 and 3000 nm has many interests ranging from solar physics to atmospheric and climate physics. The solar spectrum is a
The spectrum shown in Fig. B .1 is available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/611/A1 1 https://public.wmo.int/en/programmes/ global-climate-observing-system key input in radiative transfer and balance in the various layers of the atmosphere of the Earth and other planets. The integral of the solar spectrum measured outside the atmosphere of the Earth equates to the integral of a blackbody spectrum at 5772 K (Planck's law). Spectral shapes of the solar spectrum are very different, especially in the ultraviolet. The solar spectrum consists of a continuum with numerous of dark absorption lines superposed (Fraunhofer lines). A complete characterization of the solar spectrum is not possible from the ground. The atmosphere of the Earth absorbs and scatters large parts of the incoming solar radiation dependent on wavelength. For instance, there is a complete extinction of solar ultraviolet radiation (wavelength shorter than about 300 nm) because of ozone and molecular oxygen absorption in the middle atmosphere. The first successful attempt to measure the UV spectrum (from 220 to 290 nm) was performed at high altitude above the ozone layer (between 35 and 75 km) as described by Durand et al. (1949) . These authors used a vacuum grating spectrograph designed at the Naval Research Laboratory (NRL) and installed in the tail fin of a V-2 rocket. During the 1950s, rapid progress was made in solar physics and instrumental technology using rocket and balloon flights. This opened up the stage for space-based A&A 611, A1 (2018) measurements and, in particular, for obtaining full solar spectra without being hampered by atmospheric absorption. From the 1960s, measurements in the UV began with the Orbiting Solar Observatory (OSO) program. From the 1970s, regular solar measurements in the UV below 400 nm were performed by the sensors of the Atmosphere Explorer (AE) satellites and a series of operational remote sensors on National Oceanic and Atmospheric Administration (NOAA) weather satellites. An overview of the main satellite missions that have performed solar spectral irradiance (SSI) observations at wavelengths higher than 100 nm is given by Ermolli et al. (2013) . Space-based monitoring of the solar spectrum over a broad wavelength range (UV, visible, and infrared) started with the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIA-MACHY; 240-2400 nm) instrument on board the Environment Satellite (Bovensmann et al. 1999) One of the objectives of these space-based missions is the quasi-continuous measurement of the solar spectral irradiance variation with the highest possible accuracy. Knowledge of the absolute solar spectral irradiance is necessary for solar physics, atmospheric physics, climate physics, and other fields of physics. Since then, reference solar spectra with high accuracy are required in a variety of disciplines. Owing to current experimental limitations, the published reference solar spectra are rather composites of space-based measurements, ground-based measurements, and solar models data. The following spectra are generally considered as solar reference data:
-The Labs & Neckel (1968) (Arvesen et al. 1969 ) from 205 to 2495 nm. -The Thekaekara 1973 solar spectrum (Thekaekara 1974) from 115 nm to 400 µm. -The NASA CV-990 reference solar spectrum (Colina et al. 1996) from 119.5 to 2500 nm. -The ATLAS 3 reference solar spectrum (Thuillier et al. 2003 ) from 0.5 to 2397.51 nm. -The Solar Irradiance Reference Spectra (SIRS) for the 2008 Whole Heliosphere Interval (WHI) from 0.1 to 2400 nm using a combination of satellite and sounding rocket observations (Woods et al. 2009 ). -The SCIAMACHY solar spectrum (Pagaran et al. 2011; Hilbig et al. 2017 ) from 235 to 2384 nm.
The aim of this article is to present a new reference solar spectrum (SOLAR-ISS) from 165 to 3000 nm (Meftah et al. 2016b ) based on recent observations of the SOLAR/SOLSPEC spectrometer on board the International Space Station (Thuillier et al. 2009; Bolsée 2012) . The SOLAR/SOLSPEC instrument has a rather low spectral resolution and cannot sufficiently resolve many Fraunhofer lines. The entrance, intermediate, and exit slits of SOLAR/SOLSPEC determine the spectral resolution (or bandpass) of the spectrometer (commonly called the slit function). The SOLAR/SOLSPEC instrument is composed of three channels (UV, VIS and IR) that together cover the wavelengths domain extending from 165 to ∼3000 nm. The SOLAR/ SOLSPEC slit functions were measured during ground-based calibration to determine the spectral resolution of the spectrometer. The resulting spectrum has a resolution extending from 0.6 to 9.5 nm. The new reference solar spectrum (SOLAR-ISS) is developed by combining high spectral resolution from reference solar spectra with the SOLAR/SOLSPEC measured spectrum at lower spectral resolution but higher spectral irradiance accuracy. Therefore, we scale a high-resolution spectrum to our SO-LAR/SOLSPEC data. Up to 2400 nm, we choose the ATLAS 3 reference solar spectrum (resolution of 0.05 nm up to 400 nm). Above 2400 nm, we choose the new version of the Solar Radiation Physical Modeling (SRPM) theoretical model (with a resolution of 1 nm above 2400 nm) from Fontenla et al. (2015) . The new reference solar spectrum is established for the 2008 solar minimum of the solar cycle 24. Comparisons between the new reference solar spectrum and recent reference spectra and models are made. This paper will only deal with solar observations that include the full spectral range from UV to IR. In this paper, no solar variation is provided from the SOLAR/SOLSPEC observations. (Thuillier et al. 2003) . The ATLAS 3 composite covering the wavelength range from 0.5 to ∼2400 nm was built using rocket data from 0.5 nm to Ly-α (Woods et al. 1998) The SOLAR/SOLSPEC space-based spectrometer consists of three channels (the UV channel from 165 to 371 nm , the VIS channel from 285 to 908 nm, and the IR channel from 646 to 3088 nm), which cover the wavelength domains extending from 165 to 3088 nm. Each channel Fig. 1 . Left: SOLAR/SOLSPEC optical path of one spectral channel (double-monochromator). The sunlight passes through the entrance slit of the double monochromator and goes in the plane of an intermediate slit through a first monochromator grating and a first mirror. Then, the sunlight goes in the plane of the exit slit through a second mirror and a second monochromator grating identical to the first. Diffraction gratings are used to disperse light (spatial separation of various wavelengths). The wavelength depends on the rotation angle of the grating. The two grating arrangements share the same axis of rotation. This guarantees short scan times at high stability and wavelength accuracy. This design is used in applications in which scattered light must be kept to a minimum. Right: general view of the SOLAR/SOLSPEC flight model with its three channels during integration. SOLAR/SOLSPEC had 3 double monochromators (UV, VIS and IR).
SOLAR/SOLSPEC design and background
of the SOLAR/SOLSPEC instrument is associated with a double monochromator, which uses concave holographic gratings to minimize the scattered light while maintaining a high throughput. The gratings are mounted on a common mechanical shaft, which rotates by steps and is driven by a nut-screw system. The SOLAR/SOLSPEC sampling interval is less than 0.4 nm in the UV channel, close to 1 nm in the VIS channel and close to 4 nm in the IR channel for common operations but the sampling can be higher. The detectors are photomultiplier tubes in the UV and VIS bands, and a photoconductive detector thermally controlled at -21.8
• C with a Peltier thermoelectric cooler in the IR band. Between each exit slit and detector, a wheel carrying second order filters and appropriate attenuators allows the reduction of the incident flux to avoid the saturation of the detectors. The three wheels are positioned as a function of wavelength to take into account the change in solar irradiance and the variation of the spectrometer's responsivity with wavelength, in particular, at both ends of each spectrometer wavelength domain. Diffusors are placed in front of the entrance slit to ensure full illumination of the first grating and also to reduce the effect of pointing uncertainties during observations. The SOLAR/SOLSPEC instrument also contains seven lamps for checking the responsivity and spectral characteristics of the three channels (Bolsée 2012) , thus allowing periodical verification to be made on ground and in orbit. The deuterium lamp (nominal or spare) allows a relative calibration of the UV channel. Similarly, the tungsten ribbon lamp (nominal or spare) allows a relative calibration of the VIS channel. Two tungsten ribbon lamps (nominal and redundant) are associated with the IR channel. A hollow cathode lamp verifies spectral resolutions and wavelength scales for the UV and VIS channels. The main optical path of one SOLAR/SOLSPEC channel is illustrated in Fig. 1 . The SOLAR/SOLSPEC instrument was not designed with redundant channels.
The radiometric responsivity of each SOLAR/SOLSPEC channel was determined during a set of ground-based calibration campaigns. The instrument was calibrated at PhysikalischTechnische Bundesanstalt (PTB, Braunschweig in Germany) before launch in 2008. The pre-flight absolute calibration of each SOLAR/SOLSPEC channel was carried out with the BB 3200pg blackbody of PTB (Sapritsky et al. 1997; Sperfeld et al. 1998 Sperfeld et al. , 2000 Sperfeld et al. , 2013 . In-flight, regular acquisition with lamps system were performed to track the effects of instrument aging.
Methods for obtaining a new solar spectrum
In this section, we describe the general methods used to obtain a new reference solar spectrum at high resolution (SOLAR-ISS) based on SOLAR/SOLSPEC observations obtained at lower spectral resolution.
Determination of the SOLAR/SOLSPEC spectrum (S S I S OLS PEC (λ))
The SOLAR/SOLSPEC measured spectrum in the 165-3000 nm range is obtained from several spectra related to the three spectrometer channels, i.e.,
-A solar spectrum from 165 to 356 nm obtained with the UV channel (Meftah et al. 2016a ). -A solar spectrum from 356 to 400 nm obtained with the VIS channel (Meftah et al. 2016a ) and another one from 400 to 656 nm obtained also with the VIS channel (Bolsée 2012 ). -A solar spectrum from 656 to 3000 nm obtained with the IR channel (Meftah et al. 2017) .
From SOLAR/SOLSPEC data and instrumental equations described below, we obtained a new solar spectrum (SSI SOLSPEC (λ)) at low spectral resolution between 165 and 3000 nm. This solar spectrum is given at a distance of one astronomical unit. Figure 2 (left) shows the solar spectral irradiance for direct light at the top of the atmosphere of the Earth. For each wavelength, the absolute uncertainty (1σ) of this solar spectrum is given in Fig. 2 (right) . 
SOLAR/SOLSPEC SSI equation for the UV channel
The detector of the UV channel is a solar blind EMR photomultiplier tube. For the UV channel, the solar spectral irradiance of the Sun as a function of wavelength (λ) and time (t) is given by Eq. (1), i.e.,
where SSI UV (λ, t) is the solar spectral irradiance measured by SOLAR/SOLSPEC with the UV channel; S n (λ, t) (counts s −1 ) is the linearized signal provided by the UV detector after the nonlinearity correction. DC(t) (counts) is the mean dark counts of the UV detector taken before and after a solar spectrum measurement for a given integration time (τ(t) in s); R UV (λ) (mWm −2 nm −1 counts −1 s) represents the absolute responsivity of the SOLAR/SOLSPEC UV channel. The SOLAR/SOLSPEC instrumental equation of the UV channel is established to account for thermal and aging corrections. The value α T (λ, t) is the temperature coefficient of the UV photomultiplier (% • C −1 ); T P represents the reference temperature of the UV photomultiplier during ground-based calibration (23.3 ± 1.5
• C); T S (t) ( • C) represents the temperature of the UV photomultiplier in space; Deg UV (λ, t) characterizes the degradation of the instrument (dimensionless factor); and z(t) (km) is the distance between SO-LAR/SOLSPEC and the Sun. The astronomical unit (1 au) is equal to 149 597 870.7 km.
SOLAR/SOLSPEC SSI equation for the VIS channel
The detector of the VIS channel is a tri-alkali EMR photomultiplier tube. The SOLAR/SOLSPEC instrumental equations are the same for the UV and VIS channels. The similar equation holds for the VIS channel with appropriate substitution in Eq. (1).
SOLAR/SOLSPEC SSI equation for the IR channel
The detector of the IR channel is a P2682 PbS photodiode associated with a Peltier thermoelectric cooler. The SO-LAR/SOLSPEC instrumental equation of the IR channel is given by Eq. (2), i.e.,
where SSI IR (λ, t) is the corrected solar spectral irradiance at a given wavelength (λ) and for a given time (t), and S k (λ, t) (Volt) is the signal provided by the SOLAR/SOLSPEC IR channel with its photoconductive detector (P2682 PbS IR cell). The S k (λ, t) signal is obtained after a dark signal correction. R IR (λ) (mWm −2 nm −1 V −1 ) represents the absolute response of the SO-LAR/SOLSPEC spectrometer for the IR channel; δ IR (λ, t) is a unitless term, which represents the degradation signal in relation with the aging of the SOLAR/SOLSPEC IR channel; k λ (
• C −1 ) is the temperature coefficient of the IR channel, which represents a parameter of the instrument behavior in flight. The value T S (t) ( • C) is the temperature of the SOLAR/SOLSPEC central plate and T P (
• C) represents the reference temperature of the IR channel during the ground-based calibration with the PTB blackbody (23.3 ± 1.5
• C).
SOLAR/SOLSPEC spectrum (SSI SOLSPEC (λ))
The solar spectra obtained with the UV and VIS channels are based on 2008 solar observations. The solar spectrum obtained with the IR channel is based on 2010-2016 observations (combination of all measurements to obtain a reference spectrum). All measurements of the IR channel were used and corrected for thermal effects based on inflight housekeeping temperatures and instrumental thermal characterization performed during a specific set of orbits in March 2016 (Meftah et al. 2017) . Given the low variability in the IR wavelength range during a 11-year solar cycle (SSI variations less than 0.05% from 656 to 3000 nm)
A1, page 4 of 14 compared to the uncertainties obtained during absolute pre-flight calibration (a minimum uncertainty of ∼0.4% at 1200 nm), we can consider the IR absolute solar spectrum as representative of the year 2008. Therefore, the SOLAR/SOLSPEC spectrum resulting from Eq. (3) and shown in Fig. 2 (left) is representative of the 2008 solar minimum of the solar cycle 24. SSI SOLSPEC (λ) represents the resulting SOLAR/SOLSPEC spectrum (concatenation (+ +) of the solar spectra obtained with the three spectrometer channels),
The spectral resolution depends on the SOLAR/SOLSPEC optical design ( Fig. 1) with two main limitations (sampling interval and bandpass during operating mode of the instrument). The sampling interval is the spectral distance between the centers of adjacent spectral wavelengths sampled along the resulting spectrum. From 165 to 356 nm, the sampling interval of the SO-LAR/SOLSPEC spectrum is between 0.4 and 0.3 nm. From 356 to 656 nm, the sampling interval is close to 1 nm. From 656 to 3000 nm, the sampling interval is between 4.3 and 3.6 nm. Another important parameter is the bandpass (or resolution). The SOLAR/SOLSPEC slit functions were measured during groundbased calibration to determine the bandpass of each wavelength. The bandpass is defined as the full width at half maximum (FWHM) of the spectral response. The SOLAR/SOLSPEC slit functions are used for convolving the high-resolution solar spectrum before it is scaled to the original SOLAR/SOLSPEC spectrum. The ratio of the SOLAR/SOLSPEC spectrum over the convolved high-resolution external solar spectrum (AT-LAS 3/SRPM) is used to scale the latter spectrum but without convolution to obtain the high-resolution SOLAR/SOLSPEC spectrum. The values of the SOLAR/ SOLSPEC slit functions are discussed in the following section.
SOLAR/SOLSPEC slit functions (SF SOLSPEC (λ))
The SOLAR/SOLSPEC spectrometer has a finite bandpass (or resolution), which is determined by the sensitivity of the instrument. Therefore, the SOLAR/SOLSPEC instrument provided a smoothed representation of the true solar spectrum. The SO-LAR/SOLSPEC slit functions are determined by the design of each channel of the spectrometer. These slit functions were determined experimentally during ground-based calibration, for each channel, using a set of lasers and known emission lines of several spectral lamps (Hg, Zn, Cd, He, and Ar lamps), thoroughly explained by Bolsée (2012) . As these measurements were not carried out in vacuum, the results are limited to 185 nm for the short wavelengths of the SOLAR/SOLSPEC UV channel. Figure 3 shows, as an example, the slit function at 213.8 nm (central wavelength) determined using one of the abovementioned spectral lines. The calculation of the FWHM of the slit function provides the bandpass at the corresponding wavelength. For each channel, both the slit function (SF SOLSPEC (λ)) and the bandpass are interpolated to a 0.1 nm grid and shown on the left and right panels of Figs. 4-6 for the UV, VIS and IR channels, respectively. This in-depth knowledge of instrumental slit functions is of great importance for the comparison of solar spectra between various instruments performing in-orbit measurements. The SO-LAR/SOLSPEC slit functions have the following characteristics:
-The UV slit functions from 185 to 370 nm in steps of 0.1 nm (sampling interval), which are linked with the SO-LAR/SOLSPEC spectrum from 165 to 356 nm. -The VIS slit functions from 312 to 872 nm in steps of 0.1 nm, which are linked with the SOLAR/SOLSPEC spectrum from 356 to 656 nm. -The IR slit functions from 594 to 3000 nm in steps of 0.1 nm, which are linked with the SOLAR/SOLSPEC spectrum from 656 to 3000 nm.
The slit function shown in Fig. 3 is a best case. It is very symmetric. Figures 4-6 illustrate the asymmetries extension of the slit functions. In the SOLAR/SOLSPEC case, the asymmetries of the slits functions (Figs. 4-6 ) are the results of slight internal misalignments. The SOLAR/SOLSPEC optical design is basically a set of simple subtractive double monochromators that is subject to optical aberrations; we are not using the zero order from a flat mirror linked to the first grating like in a classical Wadsworth design. The slits functions vary as a function of wavelength. The FWHM values of the SOLAR/SOLSPEC slits functions are shown in Figs. 4-6. However, in the data reduction, we use the full profile of the slits functions as shown on the left part of the Figs. 4-6.
Sources of high-resolution solar spectra (SSI HR (λ))
We now want to implement in our SSI SOLSPEC (λ) resulting spectrum the high-resolution information contained in the following solar spectra: the ATLAS 3 solar spectrum (Thuillier et al. 2003 ) from 165 to ∼2400 nm and the SRPM solar spectrum (Fontenla et al. 2015 ) from ∼2400 to 3000 nm. The combination of ATLAS 3 and SRPM is called SSI HR (λ) in the following sections.
Determination of the new reference solar spectrum (SOLAR-ISS)
We base the new SOLAR-ISS spectrum presented in this article on the SOLAR/SOLSPEC absolute calibration (SSI SOLSPEC (λ)) and the high-resolution information contained in ATLAS 3 and SRPM solar spectra (SSI HR (λ)). The high-resolution solar spectrum (SSI HR (λ)) has been convolved (⊗) with the SOLAR/SOLSPEC slit functions (SF SOLSPEC (λ)) as shown in Eq. (4). From Eqs. (5) and (6), we obtained the new SOLAR-ISS spectrum at high spectral resolution between 165 and 3000 nm at 1 au as follows:
The resulting SOLAR/SOLSPEC spectrum (SSI SOLSPEC (λ)) comes from the combination of the solar spectra based on the three channels of the SOLAR/SOLSPEC instrument given by Eq. (3). The solar spectrum, obtained with the IR channel (from 656 to 3000 nm) using the instrumental equation of the IR channel, is more noisy than those obtained with the UV and the VIS channels. This is mainly due to the instrumental correction and Fig. 7 . Ratio(λ) between the SOLAR/SOLSPEC spectrum (SSI SOLSPEC (λ)) and the ATLAS 3 solar spectrum (SSI LR (λ)) between 656 and 2400 nm. The 3-order polynomial fit (magenta curve) is only applied for IR data. Ratio(λ) between the SOLAR/SOLSPEC spectrum (SSI SOLSPEC (λ)) and the SRPM solar spectrum (SSI LR (λ)) between 2400 and 3000 nm with its linear fit (black curve) is shown.
not to the signal-to-noise ratio (S/N) of the SOLAR/SOLSPEC IR channel. Therefore, an additional correction is required for the solar spectrum obtained with the SOLAR/SOLSPEC IR channel. Figure 7 shows the ratio between the solar spectrum obtained with the IR channel and the ATLAS 3 solar spectrum in the 656-2400 nm wavelength range. The spikes shown in the plot reveal abrupt changes of transmission in the spectrometer. In order to remove this structures, a third order polynomial fit is used for filtering the ratio given by Eq. (5). The same process is applied between 2400 and 3000 nm using the SRPM solar spectrum. A linear polynomial fit is applied for the ratio between the SOLAR/SOLSPEC spectrum (SSI SOLSPEC (λ)) and the SRPM solar spectrum (SSI LR (λ)) between 2400 and 3000 nm.
Results and discussions
The SOLAR/SOLSPEC instrument has been built to carry out an absolute solar spectrum from 165 to 3000 nm through an absolute irradiance calibration. With the method described in Sect. 3, we obtained a new solar spectrum at high resolution called "SOLAR-ISS" (Fig. 8 and Appendix B). The new solar spectrum (SOLAR-ISS, Version 1.1) is available in a numerical file online 2 and at the CDS. The concatenated SOLAR/SOLSPEC data (without the high-resolution adjustment) are also available on demand.
The Sun provides a broad range of power, primarily concentrated around the visible and infrared regions. From the new solar spectrum (SOLAR-ISS), there is 105.8 Wm −2 in the ultraviolet region (165-400 nm). The ultraviolet region extends from 10 to 400 nm; below 165 nm, the solar flux is very weak. Visible light is usually defined as having wavelengths in the range of 400-700 nm. In this region, the flux of the new solar spectrum is 535.5 Wm −2 . Infrared radiation extends from 700 nm to 1 mm. In the 700-3000 nm wavelength band, the flux of the new solar spectrum is 703.0 Wm −2 . The 165-3000 nm wavelength range then represents ∼98% of the total solar irradiance, which is the total integrated irradiance over the entire solar spectrum. Notes. From 165 to 3000 nm, the integrated flux of the SOLAR-ISS spectrum is 1344.3 Wm −2 . Adding the contribution from a solar model (3000 nm to 160 µm), we obtain a TSI of 1372.3 Wm −2 .
of the SOLAR-ISS spectrum is 1344.3 ± 16.9 Wm −2 at 1σ in the 165-3000 nm range. Adding 28.0 Wm −2 for the spectral region 3-160 µm as calculated from the Spectral And Total Irradiance REconstruction for the Satellite era (SATIRE-S) semi-empirical model, the TSI from SOLAR-ISS sums up to 1372.3 Wm −2 . The difference between the accepted and measured TSI value and SOLAR-ISS TSI is around 11 Wm −2 , which is within the SOLAR-ISS uncertainty (±1.26% or ±16.9 Wm −2 at 1σ). Table 1 summarizes the contributions of three wavelengths bands (165-400 nm, 400-700 nm, and 700-3000 nm) to the SOLAR-ISS total solar irradiance and the integrated spectrum of a blackbody at 5772 K.
The accurate determination of a new solar spectrum in the 165-3000 nm range is challenging. SOLAR-ISS represents a new spectrum. The SOLAR-ISS spectrum (quiet Sun during the 2008 solar minimum) was compared with the ATLAS 3 solar spectrum from 165 to 2397.5 nm. The integral of the ATLAS 3 solar spectrum is 1330.1 Wm −2 in the 165-2397.5 nm band. In the same wavelength range, the integral of the SOLAR-ISS spectrum is 1320.9 Wm −2 . The integral of the SOLAR-ISS spectrum is closer to recent radiometric TSI determinations. There is a difference of about 9 Wm −2 , which cannot be justified by differences in the acquisition dates. To better see the differences between the two solar spectra (ATLAS 3 and SOLAR-ISS), we plotted these spectra according to their solar brightness temperatures, which are obtained from Planck's law as shown in Fig. 9 . One can notice that there are differences, which depend on the wavelength domain and, particularly, in the infrared band.
When integrating the original complete spectrum of AT-LAS 3, its value appears to be more than 30 Wm −2 over the actual TSI value (∼1361 Wm reduction of 1.4% was applied to the ATLAS 3 solar spectrum (with a TSI target of 1367.7 Wm −2 , which is the previous recommended value) by Thuillier et al. (2003) , without any reasonable or justified distribution pattern. In comparison, the integration of SOLAR-ISS yields 1372 Wm −2 (yet 11 Wm −2 over though). We think that such a standardization approach is not appropriate in ATLAS 3. Our approach (SOLAR-ISS), however, which provides a spectrum obtained with a controlled chain of calibration from PTB up to space, reduces the chances of systematic errors propagated over the whole spectrum. Therefore, the ATLAS 3 solar spectrum is questionable. Moreover, in water vapor bands in the infrared, ATLAS/SOLSPEC calibrations were never carried out under vacuum nor controlled dry atmosphere (Bolsée 2012) ; along the 0.85 m distance between the instrument and the Heidelberg blackbody versus the 1.30 m distance between SOLAR/SOLSPEC and the PTB blackbody errors were introduced up to 6%. Otherwise, ATLAS 3 is limited in the infrared to 2400 nm, while the new SOLAR-ISS reference spectrum extends to 3000 nm with a traceability of the slits functions of the SOLAR/SOLSPEC instrument.
The SOLAR-ISS spectrum is also compared with reference spectra (Tables 2, 3 and Appendix A) and solar spectra based on models (Tables 2 and 3 ). We use two reference solar spectra, i.e., ATLAS 3 from Thuillier et al. (2003) and WHI 2008 from Woods et al. (2009) , a theoretical model, i.e., the SRPM model from Fontenla et al. (2015) for wavelengths between 101.3 and 10 018.3 nm, and two models, i.e., the SATIRE-S from Yeo et al. (2014) and the NRL model from Coddington et al. (2016) . The SATIRE-S (Yeo et al. 2014 ) model is semi-empirical, from 115.5 nm to 160 µm, and uses full-disk magnetograms and continuum images of the Sun to quantify the fractional disk area coverage by various surface components (quiet Sun, sunspot umbrae, sunspot penumbrae, faculae, and network) and their spatial distribution. The solar spectral irradiance provided by the Naval Research Laboratory Solar Spectral Irradiance (NRLSSI) model (Lean 2000 ) is an empirical model, which aims to reconstruct long-term SSI from 120 nm to 100 µm. This model uses historical estimates of faculae brightening and sunspot darkening to extend in time wavelength-dependent parameterizations of SSI derived from satellite measurements and models. In the ultraviolet band (165-400 nm), the SOLAR-ISS spectrum is closer to the WHI 2008 solar spectrum (best match). In the visible band (400-700 nm), all the spectra studied are identical within 2.5%. In the infrared band (700-2400 nm), only the SOLAR-ISS/ATLAS 3 ratio is smaller than one. Figure 10 shows the ratios of the SOLAR-ISS solar irradiance to several spectra (ATLAS 3, SRPM, WHI, SATIRE-S, and NRLSSI). The most important systematic discrepancies between SOLAR-ISS and all other solar spectra are observed for wavelengths smaller than 180 nm. The largest differences are found between SOLAR-ISS and SRPM in the 200-400 nm wavelength range. Part of these fluctuations may be explained by differences in the instrument profile (i.e., the variation of the instrument response within the coarse resolution element) and wavelength calibration of the instruments (SO-LAR/SOLSPEC, other instruments in relation with the dedicated solar reference spectrum) compared to the simple approach used to convolve the SRPM high-resolution solar spectrum. The instrument profile and its variation with wavelength plays an important role, particularly in the middle ultraviolet, in determining the shape of the broad features that represent a very large number of highly packed narrow solar spectral lines. Plots of the spectra are more clear than ratios for the middle ultraviolet. The SRPM solar spectrum shown is given for the quiet-Sun component B, as if the whole Sun was only covered by this, which is close to the quietest state of the Sun, but of course solar activity produces changes that are substantial at the shortest wavelengths. Regarding the 280-410 nm wavelength range, the SRPM spectra calculations in Fontenla et al. (2015) are clearly missing opacity in this range and a revision of the CH opacity is ongoing (Fontenla 2017, priv. comm.) . This may explain a low part of the discrepancies between SRPM and SOLAR-ISS in the 280-410 nm wavelength range.
In the visible band, the SSI values of the different spectra agree very well. In the infrared band, the discrepancies are very small between SOLAR-ISS and other solar spectra. From 1500 nm, the differences become larger between SOLAR-ISS and other solar reference spectra (ATLAS 3 and WHI 2008) as shown in Fig. 10 and as observed initially by Harder et al. (2010) with the SIM instrument.
An uncertainty of 1% of the SSI measurements in the 400-3000 nm band corresponds to an error of ∼12 Wm −2 in the TSI. This observation highlights the interest in developing new spacebased instruments to perform very accurate measurements of the solar spectral irradiance in the 400-3000 nm band (uncertainty less than 0.1%). Finally, we made a comparison between the SOLAR-ISS spectrum and a very recently updated SCIAMACHY solar reference spectrum (Hilbig et al. 2017) as shown in Fig. 11 . In general, the agreement between SCIAMACHY and SOLAR-ISS is good and mostly within 3%, however, the SOLAR-ISS/SCIAMACHY ratio is lower than 1 in the 235-2384 nm wavelength range, which means that the integrated flux of the SCIAMACHY spectrum is larger than that of the SOLAR-ISS spectrum. The SCIAMACHY solar spectrum is based on solar measurements of February 27, 2003, which is not representative of solar minimum condition. Therefore, the comparison with SOLAR-ISS is essentially valid in the near UV, visible, and infrared domains. Between 400 and 1760 nm, the SOLAR-ISS/SCIAMACHY ratio is well within 3%, while the SOLAR-ISS/ATLAS 3 ratio can reach 6.5% at 1760 nm (Fig. 10, top) . This is another indication that the ATLAS 3 solar spectrum in the infrared domain is biassed. Above 1936 nm, the SOLAR-ISS/SCIAMACHY ratio is greater than 3%. To conclude, the SOLAR-ISS spectrum is very close to the SCIAMACHY solar spectrum in the 400-1760 nm wavelength range.
Conclusions
The SOLAR/SOLSPEC space-based instrument has measured the solar spectral irradiance from 165 to 3000 nm at 0.6 to 9.5 nm spectral resolution during the almost nine years of the SO-LAR/ISS mission. The instrument was calibrated using the PTB standard blackbody developed for temperatures up to 3200 K. The absolute accuracy, based on a detailed analysis of error sources, indicates a mean absolute uncertainty of 1.26% of the total solar irradiance in the 165-3000 nm range. Using SO-LAR/SOLSPEC data, a new solar spectrum (SOLAR-ISS) covering the 165-3000 nm wavelength range is built with added high spectral resolution. This SOLAR-ISS spectrum is developed by combining high spectral resolution from reference solar spectra with the resulting SOLAR/SOLSPEC spectrum through the knowledge of the slit functions of the SOLAR/SOLSPEC instrument. This new solar spectrum (SOLAR-ISS) highlights differences with previous solar reference spectra (Table A .1) and with solar spectra based on models. They mostly agree but diverge in the infrared. Total and Spectral solar Irradiance Sensor (TSIS) is scheduled to launch to the International Space Station in November 2017 on a SpaceX Falcon 9; TSIS will provide new light on the absolute determination of the solar spectrum, in particular of the infrared part. Today, SOLAR-ISS represents a new reference solar spectrum representative of the 2008 solar minimum. The SOLAR-ISS mission provides an accurate distribution of the power input of the Sun across ultraviolet, visible, and infrared wavelengths of light.
